The challenge that needs to be overcome regarding the removal of nitrogen oxides (NO x ) and soot from exhaust gases is the low activity of the selective catalytic reduction of NO x at temperatures fluctuating from 150 to 350 • C. The primary goal of this work was to enhance the conversion of NO x and soot simulant by employing a Ag/α-Al 2 O 3 catalyst coupled with dielectric barrier discharge plasma. The results demonstrated that the use of a plasma-catalyst process at low operating temperatures increased the removal of both NO x and naphthalene (soot simulant). Moreover, the soot simulant functioned as a reducing agent for NO x removal, but with low NO x conversion. The high efficiency of NO x removal required the addition of hydrocarbon fuel. In summary, the combined use of the catalyst and plasma (specific input energy, SIE ≥ 60 J/L) solved the poor removal of NO x and soot at low operating temperatures or during temperature fluctuations in the range of 150-350 • C. Specifically, highly efficient naphthalene removal was achieved with low-temperature adsorption on the catalyst followed by the complete decomposition by the plasma-catalyst at 350 • C and SIE of 90 J/L. voltage was maintained while increasing the operating temperature, the amount of charge increased and, in turn, the area of the voltage-charge figure, as well as the discharge power, became large [49] .
Introduction
There is considerable attention being paid to the removal of nitrogen oxides (NO x ) and soot produced by diesel engines [1] [2] [3] [4] [5] [6] , because these engines using petroleum products continue to be a crucial energy source [7] . However, the emission of CO, hydrocarbons (HCs), NO x , and soot (particulate matter) from diesel engines is an environmental concern, because these gases are a major source of air pollution [8] . The instantaneous substitution of diesel engines with environmentally friendly systems, namely wind power plants, solar power plants, and electric cars would have considerable economic consequences. Moreover, diesel-powered equipment is noted for its high energy efficiency along with low CO 2 emission. Therefore, the reduction of harmful emissions from diesel engines constitutes an effective way of addressing these problems. Nowadays, sustainable development is becoming increasingly crucial and consequently, stricter legislation has been introduced to reduce harmful gas emissions [7] , e.g., Euro 6 for gas emission by cars and light trucks in the European Union from September 2014 [9] . Therefore, the reduced emission of harmful gases is required to achieve standard emission regulations. The removal of harmful gases, such as NO x and soot, from exhaust gases before it is released to the atmosphere would be an effective method in this regard.
During the last three decades, many researchers have devoted their efforts to the removal of NO x and soot generated by diesel engines by employing catalysts [10] [11] [12] [13] [14] [15] [16] [17] . The two most common ways of accomplishing this are selective catalytic reduction (SCR) and NO x storage-reduction (NSR) based on NO x adsorbers [18] [19] [20] [21] [22] . The SCR and NSR can be combined with catalytic diesel particulate filters (DPF) for simultaneous removal of NO x and soot. The catalytic DPF and their regeneration by means of microwaves have been reported in the literature [23] [24] [25] . Both of these approaches involve a reduction step that requires high temperatures to obtain high-efficiency removal of NO x and soot [26] [27] [28] [29] [30] [31] [32] [33] . Unfortunately, in many specific cases, the sources of NO x and soot emission have a temperature lower than the activation temperature of the catalyst. Therefore, results have either shown the effectiveness of the catalyst to be low at that temperature or that it is necessary to heat the system, suggesting a decrease in economic efficiency. Thus, the removal of NO x and soot at a low temperature is a worthy research topic that remains of interest to enhance the economic efficiency and to facilitate practical application [34] [35] [36] [37] [38] .
SCR, such as with Ag/Al 2 O 3, is appropriate for NO x removal because of the low cost of Ag in comparison with other noble metals, suggesting a high practical application potential [14, 37] . The activity of the catalyst sharply decreases at low operating temperatures (<300 • C), owing to the narrow active temperature window (300-350 • C) for NO x removal [39, 40] . Unfortunately, the soot in the gas exhausted by diesel engines consists of heavy hydrocarbons that are emitted to the atmosphere as solid particles due to the incomplete burning of diesel fuels [41] . This suggests that low temperatures do not facilitate the removal of NO x and soot. In this respect, advances in plasma techniques, such as dielectric barrier discharge (DBD), hold advantages because they generate a cocktail of reactive chemical species such as electrons, radicals, and excited gas molecules and ions, at low temperature. In the catalyst or plasma-catalyst process, the heavy hydrocarbon undergoes partial oxidization to other derivative hydrocarbons, such as aldehydes, which have low-temperature activity for NO x removal. By the presence of the reactive chemical cocktails in the case of plasma coupled with a catalyst, an increase in the oxidation of the original heavy hydrocarbons to aldehyde compounds is expected [42] [43] [44] [45] [46] . Notably, there is poor NO x removal with the plasma-catalyst process in the case of the absence of reducing agents such as hydrocarbons, mainly oxidation NO to NO 2 . Plasma coupled with a catalyst, therefore, enables the removal of both NO x and soot at low operating temperatures. Moreover, enhanced NO x removal under fluctuating temperatures was also observed in the presence of plasma [47] [48] [49] [50] .
In this study, the use of HC-SCR for the removal of NO x and soot simulant was investigated by combining a Ag/α-Al 2 O 3 catalyst with a DBD reactor and by varying the specific input energy (SIE) and temperature. Simulated diesel exhaust gas was obtained by preparing a mixture of 300 ppm NO, 265 ppm n-heptane (C 7 H 16 ), 48 ppm naphthalene as a soot simulant, 3.7% water vapor, 10% O 2 , with the balance consisting of N 2 . The removal of NO x and naphthalene was examined in the operating temperature range from 150 to 350°C and by varying the SIE in the range up to 210 J/L. The result indicated that the presence of plasma enhanced the efficiency of removing NO x and soot simulant at low temperatures. In addition, the presence of n-heptane in the feed promoted both NO x and soot simulant removal. The role of plasma to achieve the removal of NO x and soot simulant under fluctuating operating temperatures was also examined and is discussed. Figure 1 indicates an increase in discharge power as a function of the temperature and applied voltage. According to the Lissajous figure method [51] , the deposition of the input energy of the DBD system depends on the applied voltage and electrical charge of DBD. Consequently, high-amplitude voltage led to a considerable discharge power. The discharge power also increased at high temperatures, which can be explained by an increase in the DBD charge. Indeed, the discharge power can be estimated by the area of voltage-charge figures. When the amplitude of the voltage was maintained while This figure also demonstrates that the presence of n-heptane and naphthalene at a level of a few hundred ppm could change the discharge power significantly. This phenomenon was also observed when the CHF3 concentration was changed to a few thousand ppm in the feed in the DBD discharge [52] . Equation (1) , which is adapted from published work [53] [54] [55] , can be used to estimate the discharge power that is suitable for the plasma-catalyst system and the sinusoidal voltage waveform in this experiment. As understood from Equation (1), the inclusion of n-heptane and naphthalene in the feed can significantly change R and Ccg, due to the changes in the gas composition and the surface properties of the catalyst when adsorbing the reactants. Moreover, the resistance and capacitance of the materials strongly depend on the temperature. In summary, the discharge power strongly depends on the applied voltage and the temperature of the plasma system. The dependence of the discharge power on the gas composition in the feed followed the order (C10H8 + C7H16) < C7H16 < C10H8, which was correlated with the concentration of CO2 produced during the experiments, i.e., the CO2 produced was in the order: C10H8 < C7H16 < (C10H8 + C7H16). This suggests that the discharge power tended to decrease as the concentration of CO2 in the discharge zone increased. This figure also demonstrates that the presence of n-heptane and naphthalene at a level of a few hundred ppm could change the discharge power significantly. This phenomenon was also observed when the CHF 3 concentration was changed to a few thousand ppm in the feed in the DBD discharge [52] . Equation (1) , which is adapted from published work [53] [54] [55] , can be used to estimate the discharge power that is suitable for the plasma-catalyst system and the sinusoidal voltage waveform in this experiment. As understood from Equation (1), the inclusion of n-heptane and naphthalene in the feed can significantly change R and C cg , due to the changes in the gas composition and the surface properties of the catalyst when adsorbing the reactants. Moreover, the resistance and capacitance of the materials strongly depend on the temperature. In summary, the discharge power strongly depends on the applied voltage and the temperature of the plasma system. The dependence of the discharge power on the gas composition in the feed followed the order (C 10 H 8 + C 7 H 16 ) < C 7 H 16 < C 10 H 8 , which was correlated with the concentration of CO 2 produced during the experiments, i.e., the CO 2 produced Catalysts 2019, 9, 853 4 of 14 was in the order: C 10 H 8 < C 7 H 16 < (C 10 H 8 + C 7 H 16 ). This suggests that the discharge power tended to decrease as the concentration of CO 2 in the discharge zone increased.
Results

Effects of Plasma input Parameters on Discharge Power
where V DBD is the amplitude of the voltage applied to the reactor R is the equivalent resistance of the reactor system C cg is the equivalent capacitance of the catalyst and gas gap C d is the absolute capacitance of the dielectric layers.
Removal of NO x and Soot Simulant by SCR Coupled with Plasma
Naphthalene (soot simulant) played the role of the reducing agent in the SCR of NO x as shown in Figure 2a . The conversion of NO x was 8 to 20% in the temperature range of 200-350 • C along with SIE of 0-210 J/L. The SIE is defined as the power in W divided by gas flow rate in L/s. The removal of NO x tended to increase with the increasing temperature and SIE. The previous reports indicated that without a reducing agent, NO x removal neither occurred in the plasma nor in the plasma-catalyst processes, only in the oxidization of NO to NO 2 [42, 50] . Naphthalene containing two aromatic rings can function as a reducing agent [27, 56] . Similar to other hydrocarbons, naphthalene produces partially oxidized intermediate products. Subsequently, NO x reduction is performed via the chemical reactions with the intermediate products. For this experiment, the concentration of naphthalene was 48 ppm. It is argued that this low concentration is the reason for the low NO x removal. Figure 2b shows the concentration of NO and NO 2 when the temperature varies from 200 to 300 • C and SIE varies from 0 to 210 J/L. This demonstrated that a part of NO was oxidized to NO 2 in the presence of plasma. The catalytic destruction of naphthalene hardly occurs at low temperatures because it is stabilized by resonance hybrid, i.e., high temperature and high SIE are needed for the decomposition of this compound. Figure 2c indicates that, even at an operating temperature of 350 • C, naphthalene conversion was approximately 40%. However, almost all naphthalene was destroyed with SIE above 90 J/L in the temperature range of 200-350 • C. Furthermore, the selectivity toward CO 2 increased as the temperature and SIE increased, as shown in Figure 2d . Overall, the soot simulant (naphthalene) can function as a reducing agent of SCR for NO x removal. Further, poor catalytic destruction of naphthalene at low temperatures can be overcome with the help of plasma.
According to the above results, the soot simulant can act as a reducing agent for SCR of NO x . However, the efficiency of NO x removal was not satisfactory with 48 ppm naphthalene tantamount to a C/N ratio of 1.6 (the ratio of carbon concentration in the hydrocarbon to nitrogen concentration in NO x ). Previous reports indicated that n-alkane is an effective reducing agent for the HC-SCR process [48] [49] [50] . In general, dodecane (C 12 H 26 ) can represent diesel fuel. However, this component has low vapor pressure, making it difficult to vaporize and inject to the feed gas. Thus, for the simplicity of the experimental procedure, n-heptane having relatively low vapor pressure was used as a reducing agent instead of dodecane. The effect of n-heptane on the simultaneous removal of NO x and the soot simulant was examined at temperatures ranging from 200 to 350 • C and SIE from 0 to 210 J/L. The results are shown in Figure 3 . The efficiency of NOx removal increased sharply when a combination of plasma and n-heptane was used, as shown in Figure 3a ,b. Specifically, at an operating temperature at or below 250 °C, the presence of only n-heptane did not remove NOx and naphthalene. On the other hand, increasing the The efficiency of NOx removal increased sharply when a combination of plasma and n-heptane was used, as shown in Figure 3a ,b. Specifically, at an operating temperature at or below 250 °C, the presence of only n-heptane did not remove NOx and naphthalene. On the other hand, increasing the The efficiency of NO x removal increased sharply when a combination of plasma and n-heptane was used, as shown in Figure 3a ,b. Specifically, at an operating temperature at or below 250 • C, the presence of only n-heptane did not remove NO x and naphthalene. On the other hand, increasing the SIE value increased the removal of NO x and naphthalene. At an operating temperature of 300 • C, NO x removal without plasma was approximately 22%, whereas a sharp increase was observed in the presence of plasma. The conversion of naphthalene also largely increased to 62-90%, depending on the SIE value. The efficiency of both NO x and soot simulant removal increased in the presence of n-heptane at 350 • C or across the entire temperature range when coupled with plasma. Figure 3c demonstrates that there is a correlation between the increase in NO x removal and n-heptane conversion. This also suggests that n-heptane is the main reducing agent for the NO x removal process. The tendency of CO 2 to be produced from n-heptane as well as naphthalene increasing with the operating temperature and SIE, is shown in Figure 3d . This indicates that, at a high temperature and input energy, complete oxidization of n-heptane and naphthalene to CO 2 occurred, i.e., the selectivity toward CO 2, is nearly 100% at 350 • C and SIE ≥ 80 J/L.
The presence of n-heptane, at operating temperatures at or above 300 • C or the presence of plasma at low temperatures, can account for the increase in NOx and naphthalene removal. This is in line with the previous report [50] , which indicated that the conversion of n-heptane to derivative hydrocarbons or CO 2 started to occur at 290 • C over the Ag/α-Al 2 O 3 catalyst, whereas the plasma-catalyst process induced n-heptane conversion at a low operating temperature. Consequently, with the catalyst alone, n-heptane neither enhanced the removal of NO x nor that of naphthalene at a low operating temperature (≤250 • C), as shown in Figure 4 . The conversion of NO x and n-heptane by the catalytic process decreased in the presence of naphthalene. These phenomena are caused by the adsorption of naphthalene on the catalyst, which deactivates the catalytic active sites. However, the issue was solved by using plasma. Consequently, at high SIE (≥90 J/L) and operating temperatures at or above 300 • C, more than 70% of NO x , naphthalene, and n-heptane were converted.
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NO + O• + e/M
Here, e denotes energetic electrons, and M stands for excited molecules. 
Removal of NOx and Soot Simulant during Operating Temperature Fluctuations
The temperature of the exhaust gas ordinarily fluctuates and depends on the operating state, e.g., the gas temperature of diesel-powered passenger cars fluctuates in the range of 180-350 °C [58] . This suggests that the performance of NOx and soot removal over a catalyst subjected to a temperature fluctuation is a factor when evaluating the catalyst for potential practical applications. This section discusses the removal of NOx and the soot simulant by increasing the temperature at a 
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The temperature of the exhaust gas ordinarily fluctuates and depends on the operating state, e.g., the gas temperature of diesel-powered passenger cars fluctuates in the range of 180-350 • C [58] . This suggests that the performance of NO x and soot removal over a catalyst subjected to a temperature fluctuation is a factor when evaluating the catalyst for potential practical applications. This section discusses the removal of NO x and the soot simulant by increasing the temperature at a rate of 3 • C/min in the range of 150-350 • C and by increasing the average SIE within the first 70 min from 0 to 177 J/L. The catalyst temperature window was expanded by the presence of plasma, as shown in Figure 6 . As seen, the catalyst-alone process reduced the concentration of NO x effectively when the operating temperature was above 300 • C. On the contrary, the plasma catalyst can obtain a low concentration of NO x at operating temperatures from 150 • C upward. The concentration of NO x decreased with increasing SIE avg . However, at a high temperature (≥300 • C) and high SIE (177 J/L), the NO x concentration increased slightly due to the generation of NO x by plasma, as shown in Figure 6a . As indicated by the above result, the discharge power depends on the discharge state, i.e., the temperature, applied voltage, and gas composition. Therefore, during a temperature fluctuation, the discharge power necessarily changed with the processing time. As seen in Figure 6b , the discharge power increased with the operating temperature. The average SIE, i.e., SIE avg , can be estimated using Equation (8) , and the average NO x removal using Equation (9) . As a result, the average NO x removal within the first 70 min as a function of average of SIE was plotted as shown in Figure 6c . This suggests that poor NO x removal under the conditions of a temperature fluctuation during the catalytic process can be improved by the combination of plasma with an average SIE of 60-120 J/L. rate of 3 °C/min in the range of 150-350 °C and by increasing the average SIE within the first 70 min from 0 to 177 J/L. The catalyst temperature window was expanded by the presence of plasma, as shown in Figure  6 . As seen, the catalyst-alone process reduced the concentration of NOx effectively when the operating temperature was above 300 °C. On the contrary, the plasma catalyst can obtain a low concentration of NOx at operating temperatures from 150 °C upward. The concentration of NOx decreased with increasing SIEavg. However, at a high temperature (≥300 °C) and high SIE (177 J/L), the NOx concentration increased slightly due to the generation of NOx by plasma, as shown in Figure  6a . As indicated by the above result, the discharge power depends on the discharge state, i.e., the temperature, applied voltage, and gas composition. Therefore, during a temperature fluctuation, the discharge power necessarily changed with the processing time. As seen in Figure 6b , the discharge power increased with the operating temperature. The average SIE, i.e., SIEavg, can be estimated using Equation (8) , and the average NOx removal using Equation (9) . As a result, the average NOx removal within the first 70 min as a function of average of SIE was plotted as shown in Figure 6c . This suggests that poor NOx removal under the conditions of a temperature fluctuation during the catalytic process can be improved by the combination of plasma with an average SIE of 60-120 J/L.
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The ratio of the concentration at the outlet and inlet (C/C o ) for both naphthalene and n-heptane during the temperature program (150-350 • C at a rate of 3 • C/min) is shown in Figure 7 . The initial increases of naphthalene at low SIE avg can be explained by the desorption. Due to its low vapor pressure, naphthalene adsorbed at low temperatures, after which it underwent desorption at high operating temperatures. Here, the temperature at which C/C o of naphthalene reached a maximum value decreased as the SIE increased. This is a result of the decomposition of naphthalene by plasma. Specifically, the temperature showing the maximum for the catalyst-alone process was 315 • C, whereas the temperatures showing the maximum decreased to 270 and 250 • C with SIE avg of 14.5 and 56.5 J/L, respectively. Not only the temperatures showing the maximum, but also C/C o of naphthalene largely decreased with the combination of plasma. In the case of high SIE avg of 114.4 and 177.0 J/L, almost all naphthalene in the feed was removed. In contrast to naphthalene, the concentration of n-heptane did not show the maximum, and decreased as the SIE and operating temperature increased. The difference between n-heptane and naphthalene is due to their adsorption capabilities and vapor pressures. Note that the vapor pressure of n-heptane (3985 Pa at 290 K) is greater than that of naphthalene (4.9 Pa at 290 K). In summary, the presence of plasma enhanced the removal of NO x and naphthalene under fluctuating temperature conditions. Catalysts 2019, 9, x FOR PEER REVIEW 9 of 14 discharge power with temperature, and (c) average NOx conversion in the first 70 min (total flow rate of 2 L/min including: 300 ppm NO, 48 ppm naphthalene, 265 ppm n-heptane 3.7% H2O, 10% O2 and N2 as balance; the catalyst was exposed to the feed gas for 15 min at 150 °C before starting the temperature increase).
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Materials and Methods
Preparation of Ag/α-Al2O3 Catalyst
The DBD plasma reactor was charged with a 20 g Ag/α-Al2O3 (Ag: 2 wt%) catalyst and used for the SCR of NOx and soot simulant removal. The preparation of Ag/α-Al2O3 is described elsewhere [49] . Briefly, the catalyst was synthesized by the incipient wetness impregnation method, i.e., α-Al2O3 pellets (3 mm, 30 g; 414,069 Sigma-Aldrich, St. Louis, MO, USA) were impregnated with an Figure 6 ).
Materials and Methods
Preparation of Ag/α-Al 2 O 3 Catalyst
The DBD plasma reactor was charged with a 20 g Ag/α-Al 2 O 3 (Ag: 2 wt%) catalyst and used for the SCR of NO x and soot simulant removal. The preparation of Ag/α-Al 2 O 3 is described elsewhere [49] . Briefly, the catalyst was synthesized by the incipient wetness impregnation method, i.e., α-Al 2 O 3 pellets (3 mm, 30 g; 414,069 Sigma-Aldrich, St. Louis, MO, USA) were impregnated with an aqueous solution of 0.966 g AgNO 3 (12 mL; Assay 99.8%, Daejung, Korea). Subsequently, the impregnated pellets were exposed to the atmosphere for 3 h, and then dried overnight at 110 • C and calcined for 6 h at 550 • C.
Plasma Coupled with SCR for NO x and Soot Simulant Removal
A schematic diagram of the experimental setup is shown in Figure 8 . The Ag/α-Al 2 O 3 catalyst (20 g) was placed in the reactor tube (25.17 mL) using a packing length of 65 mm. The volume was created by a threaded rod (power electrode) with a diameter of 6 mm located at the center of the alumina tube (ID = 23 mm, OD = 29 mm). The position of the power electrode, as well as the catalyst, was fixed by two porous ceramic rings. The copper foil (length = 75 mm) was wrapped around the alumina tube as a grounded electrode. The total flow rate was fixed at 2 L/min; therefore, the hourly space velocity of the gas was 4768 h −1 . The feed gas, which comprised a mixture of 300 ppm NO, 48 ppm naphthalene, 265 ppm n-heptane, 10% O 2 , 3.7% H 2 O, and N 2 as the balance, was delivered to the reaction zone by mass flow rate controllers (AFC500, Atovac Co., Yongin, Korea). Herein, the concentration of naphthalene was maintained by passing a mixture of O 2 and N 2 through an Erlenmeyer flask containing naphthalene powder. The flask was kept in a water bath at 17 • C. Subsequently, the flow passed through the saturated aqueous solution of naphthalene. Pure water was used when naphthalene was absent from the feed. The concentration of n-heptane was varied by allowing 15 mL/min of N 2 to flow through an Erlenmeyer flask containing n-heptane, and the temperature was maintained at 15 • C by using a water bath. Then, 300 ppm of NO was introduced to the feed gas. However, because NO was spontaneously oxidized to NO 2 during the gas mixing process, the feed gas contained 285 NO and 15 ppm NO 2 after the mixture was prepared. aqueous solution of 0.966 g AgNO3 (12 mL; Assay 99.8%, Daejung, Korea). Subsequently, the impregnated pellets were exposed to the atmosphere for 3 h, and then dried overnight at 110 °C and calcined for 6 h at 550 °C.
Plasma Coupled with SCR for NOx and Soot Simulant Removal
A schematic diagram of the experimental setup is shown in Figure 8 . The Ag/α-Al2O3 catalyst (20 g) was placed in the reactor tube (25.17 mL) using a packing length of 65 mm. The volume was created by a threaded rod (power electrode) with a diameter of 6 mm located at the center of the alumina tube (ID = 23 mm, OD = 29 mm). The position of the power electrode, as well as the catalyst, was fixed by two porous ceramic rings. The copper foil (length = 75 mm) was wrapped around the alumina tube as a grounded electrode. The total flow rate was fixed at 2 L/min; therefore, the hourly space velocity of the gas was 4768 h −1 . The feed gas, which comprised a mixture of 300 ppm NO, 48 ppm naphthalene, 265 ppm n-heptane, 10% O2, 3.7% H2O, and N2 as the balance, was delivered to the reaction zone by mass flow rate controllers (AFC500, Atovac Co., Yongin, Korea). Herein, the concentration of naphthalene was maintained by passing a mixture of O2 and N2 through an Erlenmeyer flask containing naphthalene powder. The flask was kept in a water bath at 17 °C. Subsequently, the flow passed through the saturated aqueous solution of naphthalene. Pure water was used when naphthalene was absent from the feed. The concentration of n-heptane was varied by allowing 15 mL/min of N2 to flow through an Erlenmeyer flask containing n-heptane, and the temperature was maintained at 15 °C by using a water bath. Then, 300 ppm of NO was introduced to the feed gas. However, because NO was spontaneously oxidized to NO2 during the gas mixing process, the feed gas contained 285 NO and 15 ppm NO2 after the mixture was prepared. Atmospheric pressure plasma was generated by using 400 Hz sinusoidal voltage, which was supplied by a frequency converter (Sampoong Power Co., Ltd., Incheon, Korea) and integrated with a transformer (Taehwa Electric Co., Seoul, Korea). During the plasma-catalytic reactions, electrical waveforms were monitored and recorded by a digital oscilloscope (TBS1064, 60MHz with 4 channels, Tektronix, Beaverton, OR, USA), in which the applied voltage (V1) was measured with a high-voltage probe (P6015A, Beaverton, OR, USA), while a low-voltage probe (P6139B for, Beaverton, OR, USA) was used to measure the voltage across the 1 µF capacitor (V2). The discharge Atmospheric pressure plasma was generated by using 400 Hz sinusoidal voltage, which was supplied by a frequency converter (Sampoong Power Co., Ltd., Incheon, Korea) and integrated with a transformer (Taehwa Electric Co., Seoul, Korea). During the plasma-catalytic reactions, electrical waveforms were monitored and recorded by a digital oscilloscope (TBS1064, 60MHz with 4 channels, Tektronix, Beaverton, OR, USA), in which the applied voltage (V1) was measured with a high-voltage probe (P6015A, Beaverton, OR, USA), while a low-voltage probe (P6139B for, Beaverton, OR, USA) was used to measure the voltage across the 1 µF capacitor (V2). The discharge power was estimated by the Lissajous figure method (Equation (10) ). The concentrations of NO x and CO 2 were measured by a gas analyzer (rbr-ecom-KD, rbr-Computertechnik GmbH, IserIohn, Germany) and a Fourier transform infrared spectrophotometer (FTIR-7600, Lambda Scientific, Australia), respectively. The concentrations of naphthalene and n-heptane were measured with a gas chromatograph (GC, DS6200, DS Science Inc., Seoul, Korea). The GC was equipped with a 60-m long capillary column (DS-624, DS Science Inc., Seoul, Korea) and a flame ionization detector (FID) in order to separate and detect naphthalene and n-heptane in the outlet gas. The analysis was conducted by defining several terms as below. × 100% (14)
Discharge power, P(W)
= f t 0 + T 2 t 0 − T 2 V DBD (t)dq(t) = f C n k=1 V1 k+1 − V2 k+1 +V1 k −V2 k 2 (V2 k+1 − V2 k )(10)
Conclusions
This research aimed to examine the removal of NO x and the soot simulant from diesel emissions in a fixed-bed DBD reactor in the temperature range from 150 to 350 • C. The results presented that the presence/absence of naphthalene (48 ppm) and n-heptane (265 ppm) affected the discharge power of the plasma-catalyst system. The soot simulant and naphthalene can play the role of reducing agents in the NO x removal process. However, high-efficiency NO x removal requires an additional reducing agent. The Ag/α-Al 2 O 3 presented a narrow temperature window for NO x and soot simulant removal. However, the presence of plasma expanded the temperature window toward low operating temperatures. As a result, the high efficiency of NO x and soot simulant removal were obtained by using the catalyst coupled with plasma under fluctuating temperature conditions. 
